Introduction
Organic farming has seen exponential growth over the past decade. According to the USDA, certified organic acreage in 2008 was over 2.6 million in the US alone [25] , and global organic sales reached $54.9 billion in 2009 [37] . With these numbers steadily increasing, the need for a natural product herbicide has grown as well. The use of herbicides for organic farming is extremely restricted [25] , leaving few options available for weed control, other than manual labor. No new, unaltered natural product herbicides or farming bioherbicides have been introduced to the market in over 15 years [3] .
Natural products have yielded some herbicides, but they have typically required synthetic modifications to create an effective product. Phytotoxic allelochemicals produced by microorganisms make up one class of commercialized natural product herbicides [17] . The tripeptide, bialaphos, was isolated originally from Streptomyces hygroscopicus [3] . Introduced to the market (Japan) in 1984 as a postemergent herbicide, bialaphos is not phytotoxic itself, but rather becomes phytotoxic when the targeted plant converts it metabolically to phosphinothricin [5] . Synthetically, phosphinothricin is made into an ammonium salt, termed glufosinate. While bialaphos is marketed as an herbicide in Japan (as Herbiace), only glufosinate is commercially available globally (i.e., Basta, Ignite, and Liberty). Triketones, another class of naturally derived herbicides [3] , were discovered in 1977 via the isolation of leptospermone from Callistermon citrinus. Various derivatives were synthesized to optimize the herbicidal properties, yielding the commercialized products mesotrione (Callisto), topramezone (Armezon), and tembotrione (Laudis). However, only the derivatives were found to be viable herbicides, thus eliminating the potential application towards organic farming.
From an organic farming perspective, the post-emergent natural product herbicides that are available lack in many areas. Aqueous acetic acid (20 % v/v) , sold as horticultural vinegar, often requires continual treatment to be effective and is typically used on non-cropland areas due to its burn down, non-selective method of weed management [38] . Fatty acids have been used, as well, but they also require repeat treatment, since there is no residual activity after the initial burn down effect [6] . Other natural products that are similarly ineffective include cornmeal with clove oil [19] , lemongrass oil, and d-limonene [30] .
Dow AgroSciences in collaboration with Mycosynthetix discovered mevalocidin [13] (Scheme 1) from two, now patented [14] , fungal strains, MSX56446 and MSX92917, originally identified as Fusarium sp. and Rosellinia sp., respectively, using only the D2 region of the nuclear large subunit (nLSU/28S), which was approximately 320 bp; the identification of these organisms has been revised using both the internal transcribed spacer region of the rRNA gene (ITS) and the D1/D2 region. Mevalocidin (1) has shown promise in filling the need as an effective herbicide for organic farming, since it is produced naturally from fungi. It has displayed strong post-emergent activity with greater than 50 % injury to all of the broadleaf and grass species tested at 4 kg/ha after 16 days and lethality after 21 days [13] . Perhaps more importantly, mevalocidin displays the rare, yet desirable, attribute of being phloem and xylem mobile, allowing distribution throughout the plant, including the meristems. Hence, this study determined the growth conditions for optimal mevalocidin production in support of efforts to commercialize these fungal strains as organic bioherbicides for the farming industry. Furthermore, mass spectrometry mapping experiments were employed to examine the potential ecological role of mevalocidin in these fungi.
Materials and methods

Fungal strain and fermentation
Mycosynthetix fungal strain MSX92917 (Coniolariella sp.; Figs. S1 and S2, Supporting Information) was isolated from twigs and wood collected in 1998, while fungal strain MSX56446 (Coniolariella sp.; Fig. S1 and S2) was isolated from oak and sweetgum leaf litter. The strains were deposited at the NRRL culture collection of the National Center for Agricultural Utilization Research (Peoria, IL) under the accession numbers NRRL 30882 (for DA056446/ MSX56446) and NRRL 30883 (DA092917/MSX92917) [13] , respectively. A fresh culture of each isolate was grown on a malt extract slant, and a piece was transferred to a medium containing 2 % soy peptone, 2 % dextrose, and 1 % yeast extract (YESD media). After incubation at 22 °C for 7 days (with agitation), the culture was used to inoculate 50 mL of rice medium [containing rice, vitamin solution, and water (twice the volume of rice)] in a 250-mL Erlenmeyer flask. The cultures were incubated at 22 °C until sufficient fungal growth (~14 days) was observed. The scaled-up cultures were grown in a 2.8-L Fernbach flask containing 150 g of rice and 300 mL of H 2 O and inoculated using a seed culture grown in YESD medium followed by incubation at 22 °C for 14 days. For the time variable experiments, the growths were stopped at the indicated time points by freezing the entire culture prior to processing in parallel. For the temperature variable experiments, the cultures were grown at either 25, 30, or 35 °C for 14 days. For the comparison of the liquid vs solid YESD media experiments, the above YESD formula was used in both cases, with the addition of 1.5 % agar for the latter; in both cases, rice was not added. For the experiments where the amount of dextrose was varied, each fungal strain was inoculated in 50 mL of medium containing 1 % malt extract and 1 % agar with incremental amounts of dextrose (Table 2 ) and grown at 22 °C.
Molecular identification of the fungal strains
For molecular identification and phylogenetic analysis of the fungal strains employed in this study, the ITS region was sequenced using primers ITS5 and ITS4 [12, 36] and PCR amplification methods outlined previously [8, 26] . The Scheme 1 Conversion of methylidene mevalonolactone (2) to mevalocidin (1) ITS region has been proposed as a barcoding marker for members of the kingdom fungi [29] . Two portions of ribosomal genes were sequenced to get an indication of where the strains belonged using BLAST search. Since there were no other genes sequenced (e.g., beta tubulin) for Coniolariella in NCBI GenBank, our phylogenetic analyses relied on ribosomal genes (ITS + LSU) for identification purposes. After obtaining the complete ITS region for both the strains MSX56446 and MSX92917, the individual ITS sequences were aligned using MUSCLE, which was implemented in the program Seaview [15] . The sequences from the two strains were then analyzed with PAUP* 4.0b10 [33] to calculate the uncorrected p distances. p distance compares the two sequences by calculating the proportion of nucleotide sites at which the sequences are different; uncorrected p distances can be obtained by dividing the number of nucleotides by the total number of nucleotides in the sequences being compared.
A BLAST search was implemented in GenBank with the ITS sequences obtained from the two stains. Sequences from the top BLAST search were downloaded and analyzed using PHYML [16] to obtain the closest phylogenetic disposition for the MSX strains. BLAST search was employed using nucleotide collection (nr/nt) with uncultured/environmental samples sequences excluded. The BLAST search was also performed with RefSeq database [28] . In addition, for one of the strains (MSX56446), a portion of the D1/D2 region of the large subunit, 28SrDNA (LSU) was also sequenced using primers LROR and LR3 [27] . The LSU sequences of other Coniolariella spp. from a recently published study on this genus [4] were downloaded and analyzed using PHYML. The sequence data obtained for both the MSX strains were deposited in the GenBank (MSX56446: KT835371; MSX92917: KT835372).
Extraction and isolation
The initial processing of fungal cultures was derived from well-established procedures (Fig. S3 ) [1, 34] . To each flask of the fungus grown on specific media, 80 mL of CHCl 3 , 20 mL of MeOH, and 100 mL of deionized H 2 O, adjusted to pH ~ 3 with formic acid were added. The samples were mixed/chopped with a large spatula before being shaken overnight (~16 h) at room temperature. Then, the samples were filtered in vacuo, and the eluents were transferred to separatory funnels. The aqueous phases (~100 mL) were partitioned against water-saturated n-butanol (2 × 100 mL). The separated layers were dried.
The resultant aqueous and n-butanol fractions were dissolved in H 2 O and H 2 O/MeOH (2:1 v/v), respectively, and purified via reverse phase flash chromatography (C18) using a gradient solvent system of H 2 O-MeOH at a 64 mL/ min flow rate and 12.5 column volumes over 25.3 min to afford several fractions. These fractions were dried, and the presence of methylidene mevalonolactone (2) was detected via NMR. CHCl 3 was added to the identified fractions; compound 2 is soluble in this organic solvent, facilitating its isolation (>98 % pure; Scheme 1). Of the two, the n-butanol fraction had a higher relative concentration of the target compounds, and this facilitated the chromatographic purification step, particularly for gram-scale quantities needed for this stage of development.
Conversion of compound 2 to compound 1
To a vial containing 2 (11.44 mg, 0.08 mmol), 1 N NaOH (80.4 µL, 0.08 mmol) and deionized H 2 O (0.7 mL) were added and stirred with a magnetic stir bar for 2 h at 25 °C [13] . The product was dried to afford 1 (Scheme 1).
Quantification
Calibration curves (Table 1) were prepared using standards isolated from fungal strain MSX92917. Identification of both 1 and 2 was performed by NMR ( Fig. S4 ) (JEOL ECS 400 MHz) and HRMS ( Fig. S5 ) (Thermo LTQ Orbitrap XL) analyses. Both compounds were isolated and purified (ISCO flash chromatography), and UPLC-HRMS was used to verify the purity (>98 %). These standards of 1 and 2 were dissolved in deionized H 2 O or MeOH, respectively, and analyzed 0.5-75 ppm for 1 and from 0.5 to 50 ppm for 2 ( Table 1) . Aqueous and n-butanol dried fractions were dissolved in deionized H 2 O or MeOH, respectively, to a concentration of 1 mg/mL.
A UPLC Acquity system equipped with a BEH C18 (1.7 mm; 50 × 2.1 mm) column heated to 40 °C was run Similarly, extracts were run in triplicate, the areas were averaged, and the concentrations of 1 and 2 were extrapolated from the calibration curve.
Surface sampling
A droplet-liquid microjunction-surface sampling probe (droplet-LMJ-SSP) was converted from a CTC/LEAP HTC PAL auto-sampler (LEAP Technologies Inc.) using inhouse developed software dropletProbe Premium [20] [21] [22] [23] [24] .
Microextractions were performed using Fisher Optima LC/ MS grade H 2 O. An initial 5 µL of H 2 O was drawn into the syringe and 4 µL droplets were dispensed onto the surface of the sample at a rate of 2 µL/s, held on the surface for 2 s, and withdrawn back into the syringe at the same rate. This extraction process was repeated a total of three times using the same droplet, then injected in a UPLC-MS system using the same chromatographic conditions as above except into a Thermo Q Exactive Plus mass spectrometer. Heat mapping experiments showed the relative concentration of mevalocidin (1) at a particular location directly on the fungal culture. The area was calculated for the chromatographic peak of 1 (m/z 161.0808 ± 5 ppm) at 3.53 min. Retention times are shift compared to those for the quantitative study due to the incorporation of the droplet-LMJ-SSP.
Results and discussion
Molecular identification of the fungal strains
Results from uncorrected p distance using ITS data suggested that the two MSX strains were 99 % identical. Based on a BLAST search of NCBIs GenBank nucleotide database, the closest hits using the ITS sequence were Coniolariella limonispora (basionym: Rosellinia limonispora) (strain CBS 283.64) (GenBank KF71998; identities = 502/518 (97 %), gaps = 8/518 (1 %), followed by Coniolariella hispanica (strain ATCC MYA-4453)] [GenBank FJ172294; identities = 503/524 (96 %), gaps = 10/524 (1 %)]. Maximum likelihood analysis of the ITS and LSU regions indicated that the MSX strains are phylogenetically related to the genus Coniolariella D. García, Stchigel & Guarro [11] . The two strains were clustered within the clade containing most species of Coniolariella [4, 39] including the type species, C. gamsii (Asgari & Zare) Garcia, Stchigel & Guarro (Fig. S1, S2 ). Based on both ITS BLAST search as well as ML analysis using portions of ITS and LSU regions, the MSX strains were identified as belonging to Coniolariella (Xylariales, Ascomycota). In an earlier study, Gerwick et al. [13] identified MSX56446 (which they termed as DA056446) as Fusarium and MSX92917 (which they termed as DA092917) as Rosellinia sp, respectively. We compared the D2 region of GenBank accession no: KF698738 for DA092917, and it matched the D2 region of MSX56446 with 100 % identity. Thus, it is likely that both the strains MSX92917 and MSX56446 are congeneric (Fig. S2 ), but Gerwick et al. used a different name due to erroneous interpretation of BLAST search data, especially since Coniolariella shows a close phylogenetic relationship with Rosellinia-like genera within the Xylariales [4] .
Purification protocol
Due to its H 2 O solubility, mevalocidin (1) was difficult to isolate directly using the traditional protocols common for natural products discovery [7, 9] were exploited. After drying the reverse phase flash chromatography fractions, they were screened for methylidene mevalonolactone (2) using NMR. Compounds 1 and 2 can be clearly distinguished from each other through 1 H NMR (Fig. S4) . Due to the rigidity of the lactone, the proton signals are coupled at the C-5 position resulting in a very distinct differentiation between the two compounds (Fig. 1) . Furthermore, isolation of compound 2 was readily achieved by dissolving the chromatography fractions in CDCl 3 . Once isolated, compound 2 was opened to 1 by introducing a base. This methodology was utilized for the isolation of the standards for the quantitation study.
Mevalocidin production optimization
Fungal strains MSX92917 and MSX56446 were tested for their viability for producing these compounds as bioherbicides for organic farming. Large-scale rice cultures were extracted using the traditional protocol incorporating CHCl 3 , MeOH, and H 2 O [1, 34] ; however, partitioning the aqueous layer with n-butanol was performed to concentrate mevalocidin and remove it from the abundance of sugars present in the aqueous layer. While both layers contained significant proportions of 1 and 2 (Table 2) , the more concentrated n-butanol fraction was more amenable for the gram quantity isolation of each compound needed Table 2 The concentrations of mevalocidin (1) and methylidene mevalonolactone (2) for each partition (n-butanol and aqueous) were determined by the LC-MS calibration curve
The concentrations of 1 and 2 obtained from the quantitation study were converted from ppm to mg and then combined as a total mass. This was then subsequently converted to (mg of total compound)/(g of rice) to effectively represent the optimal production conditions. Bold indicate the highest total for each individual study a [Conc of mevalocidin] × total volume of extract = mass of mevalocidin in extract e Indicates that concentrations were above limit of detection but below limit of quantitation for future testing. The productions of compounds 1 and 2 were compared for both cultures, ultimately determining the yields to be higher in MSX92917 by approximately a factor of two (Table 2) . Therefore, subsequent analyses were performed only on MSX92917.
To optimize mevalocidin production, the fungus was subjected to a series of altering conditions, including media nutrient levels, media phase (liquid or solid), growth time, and incubation temperature. First, the nutrition levels of the media were examined to understand if production of mevalocidin would change as the sugar levels in the media changed. Incremental amounts of dextrose (0-12.5 %) were added to liquid media, since dextrose was shown to be readily utilized; it was also an inexpensive carbon and energy source. The yields of 1 and 2 were highest at 2.5 % dextrose ( Table 2 ). This was evident when combining the calculated mass from both the n-butanol and aqueous partitions.
Solid and liquid media were compared by growing the fungal strain in two separate flasks of the same medium, but one with agar (solid) and the other without (liquid). The presence of agar displayed an increase in production for both compounds ( Table 2) .
Optimization of the growth time was performed by comparing the production over increments of 5 days before freezing. The combined calculated masses of 1 and 2 increased steadily until 20 days (Table 2) . After 20 days, the rate of mevalocidin production began to slow; therefore, approximately 20 days was considered the preferred growth time for commercial production.
Additionally, the temperature in which the fungus was grown had an effect ( Table 2) . Cultures of MSX92917 were grown on rice, but the temperature for each culture varied (25, 30, or 35 °C) . The cultures at 30 °C showed the highest production of 1 and 2 with a significant drop-off at 35 °C ( Table 2) .
As mevalocidin progresses into commercial development, further optimization may be required. While all of these data are based on single growths, the goal of these experiments was to gauge relative trends, so that we could choose the best culture conditions. This may include a combination of the above conditions, as well as, probing additional conditions, such as the FERMEX methods [2] , particularly for kg or larger-scale production. Studies on the efficacy of mevalocidin as an organic herbicide are ongoing, as well.
Probing biosynthetic queries
It was originally unknown whether the fungi were producing both mevalocidin (1) and its lactone form or if the lactone was formed due to the use of acid through the extraction/isolation process. To address this, a droplet-LMJ-SSP coupled to a UPLC-HRMS system [21] [22] [23] was utilized to sample a solid-state rice culture of MSX92917. This system has recently been shown to be a viable tool for sampling the chemistry of fungal cultures in situ [31] . When sampling fungal cultures MSX56446 and MSX92917, compounds 1 and 2 were detected readily off the surface; the HRMS and retention times were confirmed by comparison with standards of 1 and 2 (Fig. S6) . Furthermore, if any of the mevalocidin was being converted during the UPLC method, it would have been observed in the analysis of the standard as well. This supports the premise that the fungus produces both 1 and 2, at least under these conditions. Additionally, many questions regarding the biosynthesis of a fungal metabolite with herbicidal properties abound, particularly in fungi that are presumed to be saprobes. For instance, does the fungus interact with its environment, perhaps using the herbicidal compound to kill plant materials, giving the next generation a source of nutrients? If so, where does the fungus store the compound and how does it release it into its surroundings? To explore these questions, both mevalocidin-producing cultures were grown on agar. Interestingly, it was observed that guttates ( Fig. 2) were produced by both fungal isolates when grown in this manner. Guttates are liquid droplets that are produced by the fungi and are exuded out via the mycelium to the surface [18, 32] . Previously, it has been observed that bioactive secondary metabolites concentrate in such structures [10, 31, 35] . We hypothesized that they are a means for the fungus to interact with its surrounding habitat, as these are typically found upon the surface of the culture.
To gain a better understanding of the biological and ecological purpose of these guttates, the cultures were analyzed by the droplet-LMJ-SSP coupled to an UPLC-HRMS. For both fungal cultures grown on agar, the mycelium, the guttates, and the surrounding agar were all explored in search for the molecular ion of mevalocidin (m/z 161.0808 ± 5 ppm). It was observed in both cultures that the guttates contained the highest concentrations of mevalocidin relative to the surrounding mycelium, as noted by the size of the blue circles in the heat map (Fig. 3) . Likewise, more mevalocidin was detected in the surrounding agar than directly on the surface of the mycelium. This indicated that mevalocidin was actively exuded out of the fungi into its surroundings. This supports the postulate that guttates are concentrated droplets of secondary metabolites and that the fungi are using the herbicidal compound to potentially kill plants in its environment. Importantly, the use of the droplet-LMJ-SSP allowed us to probe the chemistry of the guttates, a feat that would have been impossible with traditional natural product protocols [31] .
In conclusion, mevalocidin had previously displayed promise as an organic herbicide [13] . These experiments were pursued to optimize conditions for mevalocidin production in fungal strains MSX92917 and MSX56446. Initial optimization studies argue that the best results could be realized on YESD agar medium containing 2.5 % dextrose, incubated at 30 °C for at least 20 days; ongoing studies are probing this further, with an aim towards commercial scale production. The conversions between 1 and 2 are prime examples of applying basic chemistry to solve isolation challenges. These results are currently being utilized to generate 1 for field trials as an organic bioherbicide. Furthermore, the data obtained from the droplet-LMJ-SSP demonstrate that the fungi are biosynthesizing both compounds 1 and 2. The spatial distribution mapping experiments displayed valuable information about the production of mevalocidin, where the concentration of 1 in the guttates indicates an ecological use. Extruding this compound from the body of the fungus into the environment supports the hypothesis that the fungus is using mevalocidin to kill plants, which it can then decompose in its role as a saprobe. 
